Intelligent reflecting surface (IRS) is envisioned as a promising technology to broaden signal coverage and enhance transmission in terahertz (THz) communications. Due to the passivity of IRS, the channel measurement can not be achieved by traditional pilot manner and the subsequent cooperative transmission design remains an open problem. This paper investigates the channel estimation and transmission solutions for massive multiple input multiple output (MIMO) IRS-assisted THz system. The channel estimation is realized by beam training and the quantization error is analyzed for evaluating performance. In addition, a novel hierarchical search codebook design is proposed as a low-complexity basis of beam training. Based on above foundations, we propose a cooperative channel estimation procedure to tactfully acquire the channel knowledge. Finally, by leveraging obtained channel information, the designs of IRS and transceivers are directly provided in closed form without reconstructing the full channel matrix or additional optimization. Simulation and numerical results are presented to illustrate the minimum signal to noise ratio (SNR) required for beam training and the efficacy of the proposed transmission solutions.
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I. INTRODUCTION
As a promising technology to support explosive growth of data traffic, terahertz (THz) communication emerges as a key candidate in future generations [1] . Due to the severe signal attenuation and narrow wave spread in THz frequencies (0.1T-10T), the number of effective propagation paths is quite limited and the THz channel is sparse with line-of-sight (LoS) dominant [2] , [3] . Therefore, the transmission is extremely sensitive to LoS-cut obstacles and the enhancement of signal coverage for THz communication remains a critical problem.
Recently, an emerging hardware technology for broadening signal coverage with reduced energy consumption and low-cost implementation is the so-called intelligent reflecting surface (IRS) [4] . What makes the IRS attractive compared to fixed reflector is the possibility to induce a certain phase shift independently on the incident electromagnetic by controllable meta-material [5] . Compared to conventional relay schemes, IRS-assisted schemes enhance the transmission without receiving or transmitting signals, however, by altering the propagation environments. Hence, with the emergence of IRS, the cooperative transmission design for IRS-assisted schemes has attracted much attention and concerns from researchers. Prior IRS-related works [6] - [12] mainly aim to maximize the spectral efficiency by optimizing the IRS and the transmitter beamformer for multi-input single-output (MISO) systems under perfect channel state information (CSI). However, these solutions can not be applied to IRS-assisted THz communication due to the following concerns.
• To compensate severe signal attenuation in THz communication, massive multiple input multiple output (MIMO)
This work was supported in part by the National Natural Science Foundation of China under Grant 61571089 and 61631004. implementation needs to be considered to provide enough array gain. The algorithms in [6] - [12] for cooperative optimization are oriented for single antenna receiver, and can not be extended to MIMO systems. • Traditional fully digital beamformer (FDB) requires one dedicated radio-frequency (RF) chain for each antenna in the MIMO systems, which results in huge energy consumption and unaffordable hardware cost. Thus, an appealing low-complexity hybrid beamforming architecture should be retorted as an alternative [13] - [15] . • Owing to the passivity of IRS (unable to send and receive signals), the CSI of IRS-assisted system is inaccessible by traditional channel estimation approaches [16] - [18] . As a result, the acquisition of the overall channel information in IRS-assisted systems becomes the mandatory and primary issue. Meanwhile, the cooperative transmission solution should be derived based on the form of obtained channel knowledge.
For above-mentioned reasons, three state-of-the-art technologies, i.e., THz communication, IRS-assisted transmission, and massive MIMO techniques are possible and necessary to be integrated in wireless system for expected orders of magnitude gain. Thus, the development of such a triad-specific transmission scheme is imperative and significant. In this paper, we investigate the channel estimation and transmission solutions for THz massive MIMO IRS-assisted system with hybrid beamforming architectures. By exploiting the sparsity of THz channel and the characteristics of massive antenna array, a beam training manner is proposed as the basis for realizing channel measurement, and the beam patterns (or beam directions) distribution as well as the quantization error caused by beam training are analyzed and evaluated. To reduce the complexity of the channel estimation, a novel hierarchical search codebook design is proposed, in which beams in the same stage are homogeneous in different directions. Based on the above foundations, a cooperative estimation procedure is proposed to measure the channel of IRS-assisted scenarios. Specifically, the deaf-mute IRS carries out a set of prescribed operations step by step in estimation phase, which are known to active transceivers. By leveraging the prescribed prior information, corresponding channel knowledges can be obtained by active terminals and sent to IRS controller. Then, the IRS design is provided to optimally bridge the transmission links, in which the effective channel is further estimated by beam training. Without CSI matrix reconstruction, the hybrid precoder/combiner and IRS designs are straightforwardly provided in closed form via obtained channel knowledge. Simulations results are presented to illustrate the minimum signal to noise ratio (SNR) required for beam training and numerical results indicate that the spectral efficiencies achieved by the proposed designs significantly outperform non-IRS-assisted benchmark and approach the rate achieved by optimal fully digital precoder/combiner with perfect CSI. 
II. SYSTEM MODEL A. Massive MIMO with Hybrid Architectures
As depicted in Fig. 1 , we consider a narrowband downlink massive MIMO system where Alice with N t antennas intends to send N s data streams to Bob with N u antennas. Since the implementation of fully digital precoder/combiner suffers from high cost and power consumption, we consider hybrid digital and analog architecture. N t RF RF chains and N u RF RF chains are implemented at Alice and Bob such that N s ≤ N t RF ≪ N t and N s ≤ N u RF ≪ N u . At Alice with hybrid precoder, a symbol vector s ∈ C Ns is first processed by a digital precoder F B ∈ C N t RF ×Ns , and then up-converted to analog procoder F RF ∈ C Nt×N t RF . The analog beamformer is implemented by variable phase shifters and subjected to magnitude constraint, i.e., |F RF (i, j)| = 1, ∀i, j.
Here, we assume that E[ss H ] = I Ns . Given the normalized power constraint F RF F B 2 2 = 1 and total transmit power P , the received signal can be expressed as
where H ∈ C Nu×Nt represents the overall channel matrix between Alice and Bob. n ∈ C Nu are zero-mean additive white Gaussian noise, i.e., n ∼ CN (0, σ 2 n I Nu ). The received signal y ∈ C Nu is first processed by an analog combiner W k RF ∈ C Nu×N u RF such that W k RF (i, j) = 1, ∀i, j, and then down-converted to digital combiner W k B ∈ C N u RF ×Nq , which results the final signals in
The overall spectral efficiency is given as [15] 
where C = σ 2 n W H B W H RF W RF W B is the noise covariance. We mention that the uplink expression of considered system is identical to (2) with the roles of the precoder and combiner switched under transposed reciprocal channel, i.e., H → H T .
B. IRS Assisted THz Channel Model
The large-scale antenna arrays and high pathloss at THz frequencies significantly limit scattering. Thus, the signal coverage is LoS dominant and is easily blocked by obstacles in THz communication [1] , [3] . As shown in Fig. 1 , this paper considers such an indoor scenario that LoS path is blocked and N i IRSs (≤ N t RF ) are installed on surrounding wall to assist communication by providing tunable strong reflecting component. Since the scattering components (reflected by other surfaces) are negligible, the overall channel H can be further expressed as
are the strong reflecting channels provided by IRSs. f is the carrier frequency and d = [d 1 , d 2 , ..., d Ni ] is the vector of transmit distance in corresponding propagation paths. Each IRS can dynamically adjust N r intelligent elements of the meta-surface to achieve phase shifts on the reflecting signals by a passive way. Therefore, the received signal vector at the lth IRS can be linearly transformed by a diagonal phase-shift matrix
, and β ∈ [0, 1] are imaginary unit, PSs, and amplitude reflection coefficient on the combined incident signal, respectively. Thus, the N i strong reflecting channels in (4) can be expressed as
where η l is the path-loss compensation factor (see9). G t and G r are the transmit and receive antenna gains. M l is the Alice-IRSl channel, and N l is the IRSl-Bob channel. d M l (resp. d N l ) is the distance between Alice and lth IRS (resp. lth IRS and Bob) and
The area of each IRS is limited and only provide one strong reflecting propagation path. Thus, the separate components in (5) can be explicitly written as [2] M
where l = 1, ..., N i , and a(f, d) is the path loss which is drastically affected by the molecular absorption. Consequently, a(f, d) consists of the free-spread loss and the molecular absorption loss as [3] 
where c stands for the speed of light and τ (f ) is the medium absorption factor. According to the path loss equation (7), the cascade path loss of Alice-IRSl-Bobk link is supposed to satisfy
Thus, the path-loss compensation factor is given as
In (6), the variable ϕ is the path's azimuth angles of departure and arrival (AoD/AoA) 1 . In addition, a E Na (φ) is the normalized antenna array response vectors at terminal E with N a antenna elements. For simplicity of exposition, (6) considers a uniform linear array (ULA) configuration such as
where k = 2π/λ and λ is the wavelength. d a is the antenna spacing.
III. CHANNEL ESTIMATION PROCEDURE In prior works for IRS-assisted systems [6] - [12] , perfect CSI of all channels involved is assumed known at every terminal. Unfortunately, owing to the passivity of IRSs, the traditional channel estimation approaches [16] - [18] are not applicable any more to IRS-assisted systems. Thanks to the natural sparsity of THz channels (see (6)), techniques of low-complexity beamspace channel estimation, such as beam training [19] , [20] , can be invoked to facilitate the estimation of the multipath components (MPCs) in (6) .
A. Quantization Error by Beam Training
Given a propagation path with arbitrary continuous angle ϕ * in practice, the discrete AoA/AoD of the codewords' beams in channel estimation leads to quantization error. In order to measure the quantization error, the characteristics of the narrow beams are analyzed as follows.
For terminal with N a antennas, the codeword of normalized narrow beam in direction ϕ is simply given as a Na (ϕ) (see (10) ). The normalized beam power of a Na (ϕ) in the direction ψ is given as
and we denote the beam coverage of a Na (ϕ) as
where ρ is the coverage-edge energy, and the length of coverage is named beam width hereafter. Lemma 1: Narrow beam in direction ϕ is equivalent to that in direction π − ϕ in term of terminal, i.e., a Na (ϕ) = a Na (π − ϕ).
Besides, the beam coverage of a Na (ϕ) is front-back mirror symmetrical about the array plane. Proof: It is easy to verify that a Na (ϕ) = a Na (π−ϕ). According to (11), we get A (a Na (ϕ), ψ) = A (a Na (ϕ), π − ψ), i.e., CV (a Na (ϕ)) = π − CV (a Na (ϕ)). In general, the angle perpendicular to the plane is defined as 0 and the front range is [−π/2, π/2]. Thus, the beam coverage is front-back mirror symmetrical about array plane.
According to Lemma 1, beams with front-back mirror symmetry about array plane is isomorphic. For simplicity of exposition hereafterin, we use the same notation ϕ i for a pair of front-back symmetrical beams. Considering halfwavelength antenna spacing, we have following Propositions and Corollaries for narrow beam design.
Proposition 1: For K (K ≥ N a ) narrow beams covering all directions with common ρ, we use {ϕ i } K i=1 to represent the ith beam direction and {ϕ i±1 i } K i=1 to represent the coverageedge direction of ith beam. As shown in Fig. 2 , despite the common ρ, each beam yields different beam width. For ∀ ith beam, we have
and where ρ is monotonically increasing with the increase in K when K ≥ N a . The beam direction of {ϕ i } K i=1 is given as
. (16) Proof: For narrow beam in direction ϕ, the normalized beam power in (11) can be further expressed as 
where m = sin(ψ)−sin(ϕ). Thus, for half-wavelength antenna spacing, i.e., d a = λ/2, the normalized beam power of a Na (ϕ i ) is given as
Define a function T(x) = | sin[ Naπ 2 x]/{N a sin[ π 2 x]}| as shown in Fig. 3 , it can be observed that the beam power monotonically decreases with the increase in |x| when |x| ≤ 2/N a . Thus, the common ρ yields common |x| for all beams, and for ∀ ith beam, we have
where χ is a constant and subjected to the inverse function of ρ = T(χ). When all the K beams cover all directions as shown in Fig. 2 , we have 2K number of χ uniformly divide the interval [-1,1] with χ = 1/K, and the condition K ≥ N a ⇒ χ < 1/N a . Thus, ρ monotonically increases with the increase in K. In Fig. 2, sin ϕ 1 , . .., sin ϕ K uniformly divide the interval [-1,1] and it is easy to obtain the beam direction by combining the feasible domain of the arcsine function. Proposition 2: Given a narrow beam with arbitrary AoA angle ϕ * to terminal with N a antennas. On condition that K (K ≥ N a ) narrow beams covering all directions with common ρ are used to estimate the power, the best cases are that ϕ * lies on the any one of the beam directions and the worst cases are that ϕ * lies on the any one of the coverage-edge directions. Both cases are presented in Fig. 4 , in which p * es /p * is the normalized received energy (see (34) in appendix).
Corollary 1: Given a narrow beam with arbitrary AoA angle ϕ * to terminal with N a antennas. On condition that K (K ≥ N a ) narrow beams covering all directions with common ρ are used to estimate the power, the normalized quantization error of worst case is given as
and the average normalized quantization error is given as
Proof: The proof of Proposition 2 and Corollary 2 are referred to Appendix A. Based on numerical results, we note that a proper K should be ≥ 2N a where e aver < 4%.
B. Hierarchical Sweeping and Reflecting Modes Realization
To find the direction with strongest beam power, hierarchical beam sweeping is an efficient way to reduce search complexity without loss optimality. M -tree search schemes [16] , [17] , [20] , [21] realize the beam sweeping stage by stage with decreasing beam range. Above studies assumed the number K of total narrow beams is exactly K=M S and the number of stages is given as S ∈ N + . Here, we propose a search Criterion for arbitrary K.
Criterion 1: For K narrow beams covering all direction, the defined narrow beam is implemented in the bottom stage. Each stage up, the beam implemented covers M -fold the range more. As such, the number of total stages is given as {S M ∈ N + | log K M ≤ S M < log K M +1} and the beam in sth stage covers M SM −s narrow beam(s).
Let ω s n denotes the nth beam candidate in the sth stage. Considering the arbitrary K which may not exactly be M n , n ∈ N + , zero vectors need to be added in the bottom stage for constructing full tree. A example 3-tree structure of such a procedure when K = 22 is demonstrated in Fig. 5 . In each stage, we find and follow the best beam (node) for next-stage search, until the best narrow beam (leaf) is found.
Considering half-wavelength antenna spacing, the narrow beam candidates (leaves) in the bottom stage is exactly given as the receiver's array response vector (10) , such as
For wide beam candidates (nodes) design, we first propose the following Criterion for arbitrary K. 
where D s is an K × M s matrix. Define a function as
The ith column of D s contains element 1 in locations
and element 0 in other locations. As a result, the wide beam candidate can be projectively given as
Let N s = 1 and s = 1, the wide beam in hybrid beamforming architecture is realized as
We state that (26) can be always achieved by using two RF chains, and the solution is given in Proposition 2 of [15] . Fig. 6 . Comparison of beam patterns by traditional approach [16] , [17] and proposed Criterion 2 with the setting that M = 2, Na = 32, and K = 64.
Remark 1:
We mention that the proposed Criterion 2 is inspired by prior works [16] , [17] which happen to have the similar concept but contain following shortages.
• The narrowest beam number must satisfy K = M n∈N + . • The derived narrowest beams are with different coverageedge energy, which may causes direction misalignment. To overcome above shortcomings, we first define the beam with common coverage-edge energy at the bottom stage (see (22)). For arbitrary K, Criterion 2 is proposed based on leaves in perspective of graph theory (unlike the principle based on a Na (ϕ n ) in above works). Fig. 6 illustrates the comparison of beam patterns by different approaches.
For purpose of matching the reflecting state to specific IRS design, we provide the following proposition.
Proposition 3: Given an incoming narrow beam a Nr (ϕ in ) with direction ϕ in to IRS, to achieve a reflecting narrow beam in return path, the phase-shift matrix of return mode is given as Θ ret (ϕ in ) = diag(βe jθ 1 , βe jθ 2 , · · · , βe jθ Nr ), θ n = −2kd a (n − 1) sin ϕ in , n = 1, ..., N r .
To achieve a reflecting narrow beam in direction ϕ out , the phase-shift matrix of direction mode is given as Θ dir (ϕ in , ϕ out ) = diag(βe jθ 1 , βe jθ 2 , · · · , βe jθ Nr ), (28) θ n = kd a (n − 1)(sin ϕ out − sin ϕ in ), n = 1, ..., N r .
Proof: The proof are referred to Appendix B, and above defined modes are used in the description below.
C. Cooperative Channel Estimation Procedure
The main parameters of the MPCs in (6) include four angles ϕ l A,M , ϕ l R,M , ϕ l R,N , ϕ l B,N . Owing to the grid effects of channel estimation, we useφ to represent the estimated direction. To obtain the four angles, two phases are developed to achieve measurements as following.
Phase 1: Keep Bob silent and fix Alice to be concurrently in an omni-beam transmitting and receiving mode. Then, IRSl successively sweeps the narrow beam in return mode, i.e., changing Θ ret (ϕ), of which the sequence is predefined on time slots and known to all terminals. The best return direction is informed to Alice by determining the time slot with the strongest receiving signal. Repeating operation by switching the manner of Alice and Bob, we obtainφ l R,M andφ l R,N . Fig. 7 . Phases of the cooperative channel estimation procedure.
Phase 2:
With the obtainedφ l R,M andφ l R,N , we fix IRSl to optimally bridge the Alice-IRSl-Bob link by direction mode, i.e., Θ dir (φ l R,M ,φ l R,N ). Fix Alice to be in an omni-beam transmitting mode and Bob hierarchically sweeps the beam to find the best direction. Repeating operation by switching the manner of Alice and Bob, we obtainφ l B,N andφ l A,M . Above procedure is illustrated in Fig. 7 . It is easy to follow above description for implementation and full algorithms are omitted due to the limited pages.
IV. DESIGN OF IRS AND HYBRID PRECODER/COMBINER
With the obtained estimated angels, the optimal design of IRS for communication is given as
By training beams on above angles, i.e., x = a R Nr φ l B,M , w = a U Nu φ l U,N , we can directly obtain the effective composite loss a l ≈ η l G t G r a(f, d M l )a(f, d N l ), l = 1, ..., N i , on Alice-IRSl-Bob link by calculating the energy of received beam. Next, a key lemma is introduced to provide the basis of the derivations that follows. Lemma 2 ( [14] ): For a ULA system with azimuth angles of arrival or departure drawn independently from a continuous distribution, the transmit and receive array response vectors are orthogonal, i.e., we have a(φ k )⊥span({a(φ l )|∀l = k}) as the number of antenna elements, N , tends to infinity and the number of paths in the channel is L = o(N ).
Here, we straightforwardly provide the design of hybrid precoder and combiner as
is the power allocation factors. According to Lemma 2, the transceivers design (30) creates a set of parallel independent reflecting channels and the spectral efficiency is degraded as 
Misalignment Probability
Na=32,K=2Na Na=32,K=3Na Na=64,K=2Na Na=64,K=3Na Na=128,K=2Na Na=128,K=3Na Fig. 8 . Misalignment probability versus signal to noise ratio. The remaining objective of Alice is to determine the power factor on these subchannels for maximizing total efficiency, i.e,
Problem (32) admits a convex form of classic water-filling problem and the optimal solution can be obtained by resorting the Karush-Kuhn-Tucker method, which is given by
where ⌈·⌉ + = max{·, 0}. The Lagrange parameter µ > 0 is chosen by 1-D search to satisfy the constraint Ni l=1 S l = 1.
V. SIMULATION AND NUMERICAL RESULTS In this section, we first provide simulation results to illustrate the performance of the proposed training codebook for channel estimation. The results were averaged over 10,000 random channel realizations. Considering a ULA with halfwavelength antenna spacing, Fig. 8 plots the misalignment probability (MP) versus SNR with different implementation parameters. As we can see, the minimum SNR that satisfies zero MP is related to the implementation. It decreases with the increase of antennas number N a and increases with the increase of narrow beam number K.
Then, numerical results are presented to validate the effectiveness of proposed cooperative designs for IRS-assisted massive MIMO system. We consider such a indoor scenario as illustrated in Fig. 9 , in which Alice and Bob are randomly located at (0, d A ∈ [0, 5]) and (0, d B ∈ [5, 10] ). Three IRS are located at (5, 4) , (5, 5) , and (5, 6) . The results were averaged over 10,000 random location settings of transceivers. In each result that follows, the operating frequency is set as 0.3THz and the background noise power at the receiver is σ 2 n = −80dBm. The antenna spacing for all terminals is d a = λ/2 and the IRS reflection coefficient is β = 1.
Absorption coefficient τ (0.3T ) = 0.0033/m and antenna gains G t = G r = 18dBi for N a = 32 (G t = G r = 21dBi for N a = 64). In the following, we respectively plot the spectral efficiency of the receivers in different settings of antenna number and narrow beam number. For comparison, we also plot the upper-bound rate of IRS-assisted scheme and the upper-bound rate of non-IRS-assisted scheme, as two benchmarks. The former is realized by the optimal FDB with the optimal IRSs designs under perfect CSI. The latter one is realized by the optimal FDB with random IRSs setting. Fig. 10 plots the spectral efficiency versus transmit power, in which N t = N i = N u = 32 and K = 2N a . It is seen that the performance gain of the IRS-assisted schemes is significant compared to the non-IRS-assisted benchmark, since the LoS link is blocked and the reflecting links provide additional strong propagation paths. Moreover, the spectral efficiency achieved by our proposed design with perfect CSI is close to the upperbound, which validates the effectiveness of our proposed solutions. The gap between the performance with perfect CSI and that with estimated CSI is due to the AoAs/AoDs quantization error. Fig. 11 plots the spectral efficiency versus transmit power, in which N t = N i = N u = 64 and K = 3N a . Compared to Fig.  10 , the performance gain of the IRS-assisted schemes in Fig.  11 increases due to the increase of terminal elements, and the proposed design with perfect CSI is closer to upperbound. In addition, with the increased estimation ratio K/N a (increased quantization resolution), the performance gap resulted from AoAs/AoDs quantization error is decreasing. Thus, with largescale antenna array implementation and adequate quantization resolution, our proposed channel estimation procedure and cooperative transmission solutions exhibit a comparable performance in the IRS-assisted MIMO system.
VI. CONCLUSION
We considered the channel estimation and transmission design in THz massive MIMO IRS-assisted system. Specifically, we invoked the beam training manner to facilitate the channel measurement. Analysis of beam distribution as well as the quantization error by beam training are provided. To reduce the complexity of estimation, a hierarchical codebook design is provided as the basis of beam training. Finally, a cooperative channel estimation procedure is proposed to achieve the measurement of IRS-assisted system. Subsequently, the IRS and hybrid precoder/combiner designs are given in closed form. Numerical results showed significant performance improvement of proposed scheme as compared to non-IRS-assisted one and the achieved spectral efficiency can approach the upperbound benchmark.
APPENDIX A PROOF OF PROPOSITION 2
The quantization error is existing due to the fact that the intended power p * is not fully estimated by alignment beam, but estimated as p * es = max n=1,...,K p * A (a Na (ϕ * ), ϕ n ) .
By Propositon 1, the worst quantization error is given as (20), where we left out the modulus operator because the righthand side is always positive when K ≥ N a . Considering the arbitrary AoA angle ϕ * follows a uniform distribution ϕ * ∼ U [−π/2, 3π/2], the probability density function (PDF) of it is given as
The sine function y = sin ϕ is monotonic at the interval [−π/2, π/2] and [−π/2, 3π/2]. The inverse function can be written as ϕ 1 (y) = arcsin(y) and ϕ 2 (y) = π − arcsin(y). Thus, the PDF of y = sin ϕ is given as
The center (resp. coverage edge) angle of the beams 1 to K mapped to sin ϕ is given as (2n − 1 − K)/K (resp. (2n − 2 − K)/K, (2n − K)/K) for n = 1, ..., K. Considering the PDF interval y ∈ (−1, 1) in (36), the average accuracy is given on three pieces of integral by expectation formula as 
Substituting (36) into (37), the average quantization error can be written as (21) , which completes the overall proof.
APPENDIX B PROOF OF PROPOSITION 4
We first derive the IRS solution for direction mode. Given an incoming narrow beam a Nr (ϕ in ) with direction ϕ in , we expect that the reflecting signal achieves narrow beam in direction ϕ out , i.e., Thus, the solution can be derived from the equation as kd a (n − 1) sin ϕ in + θ n = jkd a (n − 1) sin ϕ out ⇒ θ n = kd a (n − 1)(sin ϕ out − sin ϕ in ), ∀n.
Let ϕ out = π + ϕ in , we reach the solution of return mode as θ n = −2kd a (n − 1) sin ϕ in , n = 1, ..., N r .
